In order to develop an efficient method of shuttle breeding with rapid generation advancement applicable to the breeding programme of early maturity wheat in the central to southwestern regions of Japan, the possibility of eliminating late heading plants was investigated by combining fall-sown cultivation on Ishigaki Island (24°N), Okinawa, with spring-sown cultivation at Memuro (42°N), Hokkaido. The analysis of heading traits using wheat cultivars and F 2 populations indicated that the earliness of heading in Okinawa and Hokkaido was closely related to both Ppd and Vrn genotypes and the Vrn genotype, respectively. The two hybrid populations segregating for the Ppd or Vrn genes were subjected to rapid generation advancement (F 2 : Okinawa, F 3 : Hokkaido). The analysis of their photoperiod and vernalization responses showed that the plants with photoperiod sensitivity and winter growth habit were eliminated in Okinawa and those with winter growth habit in Hokkaido. The elimination of photoperiod-sensitive plants significantly decreased the proportion of late heading plants in the F 4 population cultivated in the southwestern region of Japan, whereas it was not influenced by the elimination of the winter type plants. It was confirmed that the earliness of heading in the southwestern region of Japan was closely related to the Ppd genotype and was independent of the Vrn genotype, and also indicated that this system of rapid generation advancement was effective in eliminating the late heading plants with photoperiod sensitivity.
Introduction
Wheat cultivars suitable for the production of Japanese noodles and bread have been bred in the central to southwestern regions of Japan. Recently, foreign cultivars have often been used as cross parents to improve flour quality and grain yield. It takes many years to breed new cultivars, particularly in cross combinations between distantly related parents. Therefore, it would be important to develop an efficient method of shuttle breeding with rapid generation advancement.
Earliness of heading is one of the major agronomic traits in wheat. Early heading cultivars have been bred in the central to southwestern regions of Japan, in order to avoid preharvest sprouting in the rainy season. The earliness of heading is controlled by the vernalization response, photoperiod response and narrow-sense earliness (Yasuda and Shimoyama 1965) . The vernalization response is controlled by five major genes, Vrn-A1 (formerly Vrn1), Vrn-B1 (Vrn2), Vrn-D1 (Vrn3), Vrn-D5 (Vrn4) and Vrn-B4 (Vrn5), which convert winter wheat into spring wheat (Pugsley 1972 , Law et al. 1976 , Iwaki et al. 2002 . The photoperiod response is controlled by three major genes, Ppd-A1 (formerly Ppd3), Ppd-B1 (Ppd2) and Ppd-D1 (Ppd1), which induce wheat insensitivity to day-length (Pirasteh and Welsh 1975 , Scarth and Law 1983 , 1984 . It has been reported that the earliness of heading is mainly related to the photoperiod response in the central to southwestern regions of Japan Shimoyama 1965, Yoshida et al. 1983) , and closely related to the Ppd genotype but independent of the Vrn genotype, and that photoperiod-sensitive cultivars headed very late (Kato and Yamashita 1991 , Fujita et al. 1995 , Tanio et al. 2005 . Therefore, by the use of the single seed descent method, the frequency of late heading plants is expected to increase with the generations in a hybrid population of a cross between photoperiod-insensitive and sensitive cultivars, since photoperiod sensitivity is a recessive character. In order to enhance the efficiency of selection of early heading plants, the development of a method of elimination of the late heading plants during rapid generation advancement is very important.
Several methods of rapid generation advancement have been reported in wheat. Mukade (1974) who developed techniques including immature seed germination and seed-green vernalization, successfully developed an efficient method of rapid generation advancement. In addition, Yoshida et al. (1983) suggested a method of selection of early heading plants consisting of growing plants under 21°C and 12 hour photoperiod conditions after seed-green vernalization for 2 weeks. However, it is difficult to apply these methods to a large number of hybrid populations, since large facilities to control the environment are required. Rapid generation advancement is also possible under natural climatic conditions. It has been reported that the spring wheat breeding programmes in Canada and USA were accelerated by generation advancement in New Zealand located in the southern hemisphere (Ikeguchi 2002) while at CIMMYT, the shuttle breeding system was adopted by combining wheat cultivation in high and low altitudinal areas in Mexico (Rajaram et al. 1986) . In Japan, the shuttle breeding system with rapid generation advancement was established in 1970s by taking advantage of the wide latitudinal variation, and hybrid populations were sown in autumn in the southernmost region of Japan, Okinawa, followed by spring-sown cultivation in the northernmost region, Hokkaido (Nonaka 1979) . The early maturing wheat cultivar 'Daichinominori' has been bred through this system (Ujihara et al. 1991) . The earliness of heading was related to the vernalization and photoperiod responses in fall-sown cultivation in Okinawa and only to the vernalization response in spring-sown cultivation in Hokkaido (Kuwabara et al. 1977 , 1978 , Nonaka 1979 , Iriki and Kuwabara 1991 , Taya 1993 , Kato et al. 2001 . Kuwabara et al. (1977 Kuwabara et al. ( , 1978 who compared the heading time of wheat cultivars in Okinawa with those in the central region of Japan, observed a significant positive correlation, suggesting the possibility of eliminating late heading plants by fallsown cultivation in Okinawa. However, the effects of this rapid generation advancement on the genotypic constitution, in terms of vernalization and photoperiod responses, and on the heading date in the central to southwestern regions of Japan remain to be investigated.
In the present study, we investigated the effect of the Vrn and Ppd genes on the earliness of heading in various areas in Japan, using eight wheat cultivars with known Vrn and Ppd genotypes and two hybrid populations. The effect of shuttle breeding with rapid generation advancement through fall-sown cultivation in Okinawa, followed by spring-sown cultivation in Hokkaido was also evaluated based on the fluctuations in the frequency of the Vrn and Ppd genotypes. The scheme of the shuttle breeding system with rapid generation advancement, applicable to early maturity breeding in the central to southwestern regions of Japan, was also proposed.
Materials and Methods

Plant materials
Eight wheat cultivars listed in Table 1 were used in the present study. Seeds of these cultivars were supplied by the National Institute of Agrobiological Sciences, Japan. The Vrn genotypes of 'Saitama 27', 'Norin 61' and 'Haruhikari' had been identified by Gotoh (1979) , while those of 'Schomburgk', 'Fukuwasekomugi' and 'Zenkoujikomugi' by Tanio et al. (2005) . The Ppd genotypes of these eight cultivars had been determined by Tanio et al. (2005) .
Evaluation of heading time of eight cultivars in Okinawa and Hokkaido
These cultivars were grown in the field at Okinawa Subtropical Station, the Japan International Research Center for Agricultural Sciences located on Ishigaki Island (24°20′N, 124°10′E), the southernmost region of Japan (hereafter referred to as "Ishigaki"), and the National Agricultural Research Center for the Hokkaido Region located at Memuro (42°54′N, 143°03′E), the northernmost region of Japan (hereafter referred to as "Memuro"). Twenty seeds of each cultivar were sown at 12 cm intervals, and the sowing dates are listed in Table 1 . On Ishigaki, the heading date of the main culm was recorded on a single plant basis. At Memuro, the date when the tip of the spikes appeared from about 50 percent of tillers was recorded as heading time.
The heading time under a long-day condition on Ishigaki was also examined. The same cultivars were grown in the field under a 16 hour photoperiod (6 a.m.-10 p.m.) during which day-length was extended by incandescent light. The light intensity was about 70 lux at ground level. The details of the cultivation method were the same as those described above.
Evaluation of heading date of hybrid populations in Okinawa
Three hundred F 2 seeds each of 'Saitama 27' (Ppd-S, Vrn-A1) × 'Haruhikari' (no Ppd genes, Vrn-A1 Vrn-B1) and of 'Saitama 27' × 'Norin 59' (Ppd-S, no Vrn genes) were sown in the field on Ishigaki, using 20 and 10 seeds of parental and F 1 populations, respectively. They were sown at 12 cm intervals on November 26, 2001 and were grown under natural and 16-hour photoperiod conditions. The heading date of the main culm was recorded on a single plant basis.
Method of rapid generation advancement of hybrid populations
The two hybrid populations, namely 'Saitama 27' × 'Haruhikari' and 'Saitama 27' × 'Norin 59' were subjected to rapid generation advancement through fall-sown cultivation of the F 2 populations on Ishigaki, followed by spring-sown cultivation of the F 3 populations at Memuro (hereafter referred to as "RGA"). About 3000 seeds (120 g) of each F 2 population were sown on Ishigaki in rows 9 m long and 10 cm wide, at a 0.7 m spacing between rows, on November 28, 2003. The ripened spikes were harvested in bulk four times on March 5, 9, 18 and 24, 2004, and were threshed by hand after drying. The amount of F 3 seeds harvested each day was 57 g, 118 g, 176 g and 4 g (total 355 g) for 'Saitama 27' × 'Haruhikari', and 8 g, 54 g, 184 g and 108 g (total 354 g) for 'Saitama 27' × 'Norin 59', respectively. These seeds were mixed in every combination, and about 3000 seeds (100 g) of each F 3 population were sown at Memuro in rows 8 m long and 10 cm wide, at a 0.7 m spacing between rows, on April 22, 2004. The plants were harvested using a harvester on July 30, 2004, when almost all the spikes had ripened. They were dried in a natural drying room and were threshed with a thresher. Immature seeds were removed with a seed blower. The amounts of F 4 seeds harvested were 525 g for 'Saitama 27' × 'Haruhikari' and 378 g for 'Saitama 27' × 'Norin 59'.
As a control, the single seed descent method was applied to the same cross combinations in the F 2 -F 3 generations (hereafter referred to as "SSD"). The 'Saitama 27' × 'Haruhikari' population was grown in a glasshouse under a 16 hour photoperiod during which day-length was extended by incandescent light. On the other hand, the 'Saitama 27' × 'Norin 59' population was grown under the same conditions, after vernalization at 5°C under continuous illumination of fluorescent light for 70 days.
Evaluation of photoperiod and vernalization responses of RGA and SSD populations
Photoperiod and vernalization responses were evaluated according to the method of Tanio et al. (2005) , in the F 2 populations and F 3 -F 4 populations raised by RGA and SSD for the two cross combinations, 'Saitama 27' × 'Haruhikari' and 'Saitama 27' × 'Norin 59'. The plants were classified into photoperiod-insensitive or sensitive types based on the number of days to heading at 20°C under 8 hour of daylight, after vernalization at 5°C under 8 hour illumination of fluorescent light for 70 days. They were also classified into spring or winter types based on the number of days to heading under a 24 hour photoperiod in which day-length was extended by incandescent light.
Evaluation of heading date of RGA and SSD populations in the southwestern region of Japan Two hundred seeds of each F 4 population raised by RGA and SSD, from 'Saitama 27' × 'Haruhikari' and 'Saitama 27' × 'Norin 59' were sown, using 10 seeds of each parental line and F 1 population, in the field of the National Agricultural Research Center for the Western Region, located at Fukuyama (34°30′N, 133°21′E) in the southwestern region of Japan (hereafter referred to as "Fukuyama"), at 12 cm intervals on November 10, 2004. Heading date of the main culm was recorded on a single plant basis. Segregation of the heading date in the F 2 populations was also studied in the same way. Figure 1 shows the mean temperature and effective day-length on Ishigaki and at Memuro and Fukuyama. Mean temperature was cited from the data released by the Japan Meteorological Agency and the effective day-length was calculated by the method of Gotoh (1977) . During the period from sowing to heading time, the mean temperature was above 13.0°C and the effective photoperiod was short (11.4-12.0 hour) on Ishigaki (Fig. 1A) , while the temperature was relatively low (from 4.8°C to 22.6°C) and the photoperiod 1) The Vrn genotypes of 'Saitama 27', 'Norin 61' and 'Haruhikari' had been identified by Gotoh (1979) , while those of 'Schomburgk', 'Fukuwasekomugi' and 'Zenkoujikomugi' by Tanio et al. (2005) . The Ppd genotypes of these eight cultivars had been determined by Tanio long (14.7-16.3 hour) at Memuro (Fig. 1B) . The growth conditions changed from cold to warm and from short day (10.7 hour) to long day (14.3 hour) at Fukuyama (Fig. 1C) .
Results
Climatic conditions on Ishigaki and at Memuro and Fukuyama
Factors relating to the earliness of heading in Okinawa and Hokkaido
The heading time of the eight cultivars on Ishigaki and at Memuro, averaged for two years, is listed in Table 1 , along with that at Fukuyama (Tanio et al. 2005) . On Ishigaki, the heading time under a 16 hour photoperiod depended on the Vrn genotype of each cultivar, being earliest in the Vrn-A1 type, followed by the Vrn-D1 type and winter type (Table 1) . Almost the same relationship was observed under natural photoperiod, except for 'Haruhikari' (Table 1) . 'Haruhikari' lacking Ppd genes and 'Saitama 27' carrying Ppd-S headed almost simultaneously under a 16 hour photoperiod, whereas 'Haruhikari' headed later by 44.0 days compared with 'Saitama 27' under natural photoperiod (Table 1 ). These results indicated that the earliness of heading under natural photoperiod on Ishigaki was closely related to both Ppd and Vrn genotypes, and that the photoperiodsensitive and winter types headed very late.
At Memuro, wheat cultivars carrying Vrn-A1 or Vrn-D1 headed at almost the same time, being earlier than the winter type (Table 1) . The photoperiod-sensitive cultivar 'Haruhikari' and insensitive cultivar 'Saitama 27' headed at almost the same time (Table 1) . These results indicated that the earliness of heading at Memuro was related to the Vrn genotype and was independent of the Ppd genotype, and that the winter type headed very late.
Relationship between the genotype and heading date of hybrid populations on Ishigaki Two parental cultivars 'Haruhikari' and 'Saitama 27' headed at the same time under a 16 hour photoperiod (Fig. 2B) , while 'Haruhikari' headed later by 37.6 days than 'Saitama 27' under natural photoperiod (Fig. 2A) . The frequency distribution of the heading date in their F 2 population was unimodal under a 16 hour photoperiod (Fig. 2B) , while that observed under natural photoperiod was clearly bimodal (Fig. 2A) . The variation observed under the natural photoperiod was therefore due to the difference in sensitivity to natural short photoperiod. F 1 population, under the natural photoperiod, headed later by 5.6 days than 'Saitama 27', indicating that early heading was incompletely dominant over late heading (Fig. 2A) . The number of F 2 plants that had headed by February 19 (early type) and the others (late type) was 206 and 74, respectively, and it fitted to the expected ratio of 3 : 1 (χ 2 = 0.30, P = 0.58), indicating the presence of monogenic segregation of Ppd-S. Therefore, the Ppd genotype of the early type was considered to be Ppd-S Ppd-S or Ppd-S ppd-S, while that of the late type, ppd-S ppd-S. 'Norin 59' headed later by 54.8 days and 53.9 days than 'Saitama 27' under natural and 16 hour photoperiod conditions, respectively (Fig. 2C, 2D ). F 1 populations headed later by 14.8 days and 8.5 days under natural and 16 hour photoperiod conditions, respectively, compared with 'Saitama 27', indicating that early heading was incompletely dominant over late heading (Fig. 2C, 2D) . The frequency distribution of the heading date in their F 2 population was nearly bimodal under both natural and 16 hour photoperiod conditions (Fig. 2C, 2D) . Under natural photoperiod, the number of F 2 plants that had headed by March 1 (early type) and the others (late type) was 208 and 67, respectively (Fig. 2C) , and the number of F 2 plants that had headed by February 9 (early type) and the others (late type) was 194 and 74, respectively, under a 16 hour photoperiod (Fig. 2D) . The segregation fitted to the expected ratio of 3 : 1 in both cases (χ 2 = 0.06, P = 0.81 and χ 2 = 0.98, P = 0.32, respectively), indicating the presence of monogenic segregation of Vrn-A1. Therefore, the Vrn genotype of the early type was considered to be Vrn-A1 Vrn-A1 or Vrn-A1 vrn-A1, while that of the late type, vrn-A1 vrn-A1.
Effect of RGA on photoperiod and vernalization responses in hybrid populations
In the F 3 -F 4 populations raised by RGA and SSD, segregation of the photoperiod response was observed in the 'Saitama 27' × 'Haruhikari' cross combination, but not in the 'Saitama 27' × 'Norin 59' one. In the F 2 population from 'Saitama 27' × 'Haruhikari', the number of photoperiodinsensitive and sensitive types fitted to the expected ratio of 3 : 1 (Table 2A) , indicating the presence of monogenic segregation of Ppd-S. In the F 3 and F 4 populations raised by SSD, the number fitted to the expected ratios of 5 : 3 and 9 : 7 (Table 2A) , respectively, indicating that no genotypes were eliminated in the course of generation advancement. On the other hand, in the F 3 population raised by RGA, the number did not fit to the expected ratio of 5 : 3, but to 5 : 1 (Table 2A ), indicating that the ppd-S ppd-S genotype was eliminated in the F 2 generation grown on Ishigaki. In the F 4 population, in contrast, the number did not fit to either 9 : 7 and 9 : 1, but to 3 : 1 (Table 2A ), indicating that no genotypes were eliminated in the F 3 generation grown at Memuro. In the 'Saitama 27' × 'Norin 59' cross combination, segregation of spring and winter types was observed in the F 3 -F 4 populations raised by RGA and SSD, unlike in the 'Saitama 27' × 'Haruhikari' cross combination. In the F 2 population from 'Saitama 27' × 'Norin 59', the number of spring and winter types fitted to the expected ratio of 3 : 1 (Table 2B) , indicating the presence of monogenic segregation of Vrn-A1. In the F 3 and F 4 populations raised by SSD, the number fitted to the expected ratios of 5 : 3 and 9 : 7 (Table 2B) , respectively, indicating that no genotypes were eliminated in the course of generation advancement. On the other hand, in the F 3 population raised by RGA, the number did not fit to the expected ratio of 5 : 3, but to 5 : 1 (Table 2B ), indicating that the vrn-A1 vrn-A1 genotype was eliminated in the F 2 generation grown on Ishigaki. In the F 4 population, the number did not fit to either 9 : 7 and 3 : 1, but to 9 : 1 (Table 2B ), indicating that the vrn-A1 vrn-A1 genotype was eliminated in the F 3 generation grown at Memuro. These results indicated that the photoperiod-sensitive winter type plants were eliminated on Ishigaki, whereas the winter type plants were eliminated at Memuro.
Effect of RGA on heading date in the southwestern region of Japan 'Haruhikari' headed later by 6.4 days at Fukuyama compared with 'Saitama 27' (Fig. 3A) . The F 1 population headed later by 1.9 days than 'Saitama 27', indicating that early heading was incompletely dominant over late heading (Fig. 3A) . Frequency distribution of heading date in their F 2 population was nearly bimodal (Fig. 3A) . Although clear-cut segregation was not observed, F 2 plants that had headed by April 22 were considered to belong to the early type and the others to the late type. The number of plants of the two types was 151 and 34, respectively, and the segregation did not fit well to the expected ratio of 3:1 (χ 2 = 4.33, P = 0.04). However, it was suggested that monogenic segregation of Ppd-S had occurred, considering the difficulty in distinguishing these two types. On the other hand, 'Norin 59' and 'Saitama 27' headed at almost the same time. The frequency distribution of the heading date in their F 2 population was nearly unimodal, though transgressive segregation was observed (Fig. 3B) .
Frequency distribution of the heading date in the F 4 populations raised by RGA and SSD is shown as linear graph in Fig. 4A and 4B, in order to facilitate the comparison between the RGA and SSD populations. In the F 4 populations raised by RGA and SSD, segregation of the heading date was observed in the 'Saitama 27' × 'Haruhikari' cross combination (Fig. 4A) . The segregation of the F 4 plants that had headed by April 22 (early type) and the others (late type) was 132 : 48 and 109 : 84 in the RGA and SSD populations, respectively, and closely corresponded to the segregation of the photoperiod response shown in Table 2A (RGA: χ 2 = 0.81, P = 0.37; SSD: χ 2 = 0.24, P = 0.63). Figure 4A also reveals a clear difference in the frequency of early and late types between the RGA and SSD populations. The RGA population contained significantly fewer plants of the late type than the SSD population (χ 2 = 10.85, P < 0.01; RGA: 26.7%, SSD: 43.5%). On the other hand, the frequency distribution of the heading date in the F 4 populations from 'Saitama 27' × 'Norin 59' was nearly unimodal, irrespective of genetic segregation at the Vrn-A1 locus (Fig. 4B) .
These results indicated that the earliness of heading in the southwestern region of Japan was closely related to the Ppd-S genotype and was independent of the Vrn-A1 genotype, and that late heading plants with photoperiod sensitivity could be eliminated through RGA.
Discussion
It had been reported that the earliness of heading in the southwestern region of Japan was closely related to the Ppd genotype and was independent of the Vrn genotype (Kato and Yamashita 1991 , Fujita et al. 1995 , Tanio et al. 2005 , which was also confirmed in the present study (Fig. 3A, 3B and Fig. 4A, 4B) . However, the frequency distribution of the heading date of the RGA F 4 population from 'Saitama 27' × 'Norin 59' displayed a significant skew (skew coefficient = 0.53), while it was not skewed in the SSD F 4 population (skew coefficient = 0.18). In addition, their frequency distribution appeared to reflect the segregation of the spring and winter types shown in Table 2B , namely 123 : 7 and 63 : 67, respectively. These results suggested that the winter type had headed slightly later than the spring type. Based on the analysis using the near-isogenic wheat lines with different Vrn genotypes, Fujita et al. (1995) reported that the winter lines headed as early as the spring lines under the standard winter conditions, whereas the winter lines headed 2 to 6 days later under the warmer winter conditions than the spring lines. In the present study, the mean temperature from November 10 to the end of December was relatively high at Fukuyama (Fig. 1C) . Therefore, the results of the present study seemed to agree with those of Fujita et al. (1995) . Rapid generation advancement should be very efficient, if photoperiod-sensitive plants showing late heading in the central to southwestern regions of Japan could be eliminated by natural and artificial selection. It is generally recognized that natural selection operates differently for photoperiod-sensitive or insensitive plants depending on the photoperiod and temperature conditions under which the hybrid populations are grown. In a short-day plant like rice, hybrid populations were grown at 13 different locations extending from Miyazaki (31°N) to Sapporo (43°N) in Japan, and the photoperiod-sensitive plants tended to be eliminated at a high latitude, whereas the photoperiod-insensitive plants, at a low latitude (Kikuchi 1979) . In contrast, in a long-day plant like barley, hybrid populations were sown in autumn at four different locations extending from Kanoya (31°N) to Morioka (39°N) in Japan, and the photoperiodinsensitive plants tended to be eliminated at a high latitude, whereas the photoperiod-sensitive plants, at a low latitude (Yasuda 1963 (Yasuda , 1964 . In the present study, the earliness of heading in fall-sown cultivation on Ishigaki (24°N) was closely related to the Ppd genotype (Table 1 and Fig. 2A,  2B) , and photoperiod-sensitive plants were eliminated from the hybrid population (Table 2A) . On the other hand, the earliness of heading in spring-sown cultivation at Memuro (42°N) was independent of the Ppd genotype (Table 1) , and the Ppd genotype was not eliminated from the hybrid population (Table 2A) . The elimination of photoperiod-sensitive plants through RGA resulted in a significant decrease in the number of segregants which headed later in the southwestern region of Japan (Fig. 4A) . Therefore, it was confirmed that the RGA system was effective in eliminating the late heading plants with photoperiod sensitivity by natural and artificial selection. Table 3 shows the expected percentage of the Ppd genotype in the F 2 generation and F 3 -F 6 generations raised by RGA and SSD from a Ppd Ppd × ppd ppd monohybrid. The percentage of fixation at ten loci is also given in Table 3 , to analyze the timing of effective selection. The selection in the F 4 generation at the breeding station after two generations of RGA in a year enabled to save one year and should be effective to select early heading plants. However, in a cross combination between distantly related parents, the degree of fixation is likely to be low even in the F 4 generation. On the other hand, the selection in the F 6 generation at the breeding station after four generations of RGA in two years enabled to save two years. In addition, the degree of fixation should be considerably high, even if there is a large difference in the genotypic composition between the parents. The selection for highly heritable characters, such as spike morphology, plant height, grain hardness, etc., was also possible in the F 5 generation at Memuro. Against this background, we proposed the following schemes of shuttle breeding system with RGA for the breeding of early maturity in the central to southwestern regions of Japan; a) 1st year (F 2 : Ishigaki, F 3 : Memuro) and 2nd year (F 4 : Breeding station), and b) 1st year (F 2 : Ishigaki, F 3 : Memuro), 2nd year (F 4 : Ishigaki, F 5 : Memuro) and 3rd year (F 6 : Breeding station). The selection of the two schemes depends on the degree of genetic difference between the parents. The present study also showed that the earliness of heading on Ishigaki and at Memuro was closely related to the Vrn genotype, and that the winter type plants were eliminated at both locations (Table 2B) . Therefore, this RGA system is applicable only to the breeding of spring type wheat. On the other hand, it has been suggested that the breeding of spring type wheat with Vrn-D1 is more suitable under the growth conditions prevailing in the central to southwestern regions of Japan than that with Vrn-A1, because the Vrn-A1 type with complete insensitivity to vernalization was more susceptible to frost damage than the Vrn-D1 type with a low sensitivity (Gotoh 1979 , Kato and Yamagata 1988 , Iwaki et al. 2000 . Since the cultivars with Vrn-D1, except for 'Fukuwasekomugi', headed about two weeks later on Ishigaki than those with Vrn-A1 (Table 1) , it may be possible to eliminate the Vrn-A1 genotype by discarding the very early segregants. However, the extremely early heading type with Vrn-D1, like cultivar 'Fukuwasekomugi' (Table 1) , which headed earlier due to short narrow-sense earliness (Kato et al. unpublished) and insensitivity to photoperiod caused by two dominant Ppd genes (Tanio et al. 2005) might be eliminated. Considering these aspects and also the fact that the photoperiod-sensitive type could be eliminated, it would be appropriate to harvest all the plants that ripened by around the end of March, for the next generation.
Recently, the Vrn-1 gene has been cloned (Yan et al. 2003) , and found to correspond to WAP1 (Murai et al. 2003) . Structural analysis of the spring and winter alleles of Vrn-D1 gene, which is carried by most of the spring type cultivars in the southwestern region of Japan, revealed a large deletion (ca. 4.2 kb) in the first intron of the spring allele (Fu et al. 2005) , indicating that it is possible to select the extremely early heading genotype carrying Vrn-D1 by simple PCR analysis. In addition, since the Ppd-H1 gene had been cloned in barley (Turner et al. 2005) , molecular techniques to select the three Ppd-1 genes of wheat could be applied. The efficiency of breeding extremely early heading genotypes through this shuttle system could be significantly enhanced by the adoption of such molecular techniques. Therefore, sequence analysis of Vrn-1 and Ppd-1 genes should be carried out for the Japanese wheat cultivars.
Fall-sown cultivation on Ishigaki can also be applied for RGA in spring wheat breeding in Hokkaido. The spring wheat cultivars 'Haruyutaka', 'Harunoakebono' and 'Haruhinode' had been bred through this RGA system (Ozeki et al. 1988 , Tabiki et al. 2000 , 2002 , which enabled to eliminate the winter type that is not adaptable to the growth conditions in spring-sown cultivation in Hokkaido. However, the photoperiod-sensitive type may be eliminated. It has been reported that the photoperiod-sensitive types significantly out-yielded the insensitive types in Canada and USA (Dyck et al. 2004) . If photoperiod-sensitive types are more suitable than insensitive types in Hokkaido, it is necessary to avoid eliminating the photoperiod-sensitive types in fallsown cultivation on Ishigaki. Gotoh (1977) reported that the use of light at an intensity of over 10 lux at dusk and over 20 lux at dawn was effective in the photoperiod response. In the present study, the long-day treatment of 16 hour photoperiod with light at an intensity of 70 lux was effective in accelerating the heading date of photoperiod-sensitive plants (Table 1 and Fig. 2A, 2B ). Based on these results, it was considered 3) Percentage of homozygotes at ten loci based on segregation ( = (1−1/2 n−1 ) 10 , n: generation).
that fall-sown cultivation with the long-day treatment on Ishigaki, as rapid generation advancement, was useful for spring wheat breeding in Hokkaido. Thereafter, it will be important to analyze the effect of the Ppd gene on yield and other agronomic traits of spring wheat in Hokkaido.
